This paper describes a novel dehydrogenation and spheroidization method using in-situ radio frequency (RF) thermal plasma treatment process to prepare spherical titanium (Ti) powders. Polygonal titanium hydride (TiH 2 ) powders were successfully converted into spherical Ti powders and the size of the powders decreased from 30 to 21 µm by means of evaporation at the powder surface during the plasma treatment. Contaminants in the final products were drastically decreased due to the evaporation and emission of vapors during the plasma treatment.
Introduction
Small sized (³20 µm) metal powders are attractive for three dimensional printing (3DP) and the metal injection molding process (MIMP) because it is possible to prepare near net shape products with complicated shapes. 17) Considering the surface roughness of metal parts and processability, the morphology of powders is one of the important factors in MIMP and 3DP. In this regard, spherical powders allow denser packing and give smoother surface roughness compared to powders having other shapes. In the case of the hot isostatic process (HIP), spherical powders also offer reduced internal powder friction and increased powder flowability during compaction processes.
812) The HIPed product is thus fully densified due to diminished closed pores.
Ti metal and alloys have high specific strength and stiffness as well as good corrosion resistance with low density and are being used in aerospace applications, biomaterials, and leisure equipment.
1315) An important consideration is that the size of parts is being decreased and the shapes are becoming increasingly complicated in these application fields. Sintered specimens prepared by MIMP, 3DP and HIP with spherical Ti powders show smaller grain size and reduced shrinkage with high density. Therefore, decreasing the powder size and enhancing spheroidization of metal powders can lend substantial improvement of both powder properties and the properties of final products. Spherical Ti alloy powder can be prepared by an inert gas atomization process, but this approach is very costly. 16, 17) In response, many studies have been conducted to prepare Ti powders by using more affordable processes. Hydrogenation and dehydrogenation processes using Ti materials to prepare Ti powders and chemical processes to prepare sponge type Ti powders have been introduced commercially but the shape of the produced Ti powder is polygonal and the purity is not high.
1820)
Radio frequency (RF) thermal plasma processes, on the other hand, are conducted at high temperature (>10000°C) and provide an attractive route to prepare nano-sized powders as well as spheroidized powders.
2125) The flowability and packing density of the powders can be increased through a plasma treatment based spheroidization process. The hydrogenation and milling of Ti materials produce internal cavities and fractures in the Ti powders, but these harmful defects can be eliminated by a surface melting process at high temperature. The purity of Ti powder can also be increased by vaporization of impurity elements during the plasma treatment.
The goal of the present study is to prepare spherical Ti powders for use in MIMP, HIP and 3DP. A spheroidization process of polygonal TiH 2 powders to make spherical Ti powders by using RF thermal plasma is introduced. It removes the hydrogen and simultaneously reduces contaminants in the TiH 2 powders.
Experimental Procedure
Ti scraps were obtained after machining a Ti rod from an implant company (Megazen, Korea) and they were washed and dried three times with Soluzet (Alconox, USA) and Liquinox (Alconox, USA). The Ti scraps were formed into disc type (¯= 50 mm, 20 mm height) shapes by pressing. After evacuating the chamber to 1.013 Pa by a diffusion pump, it was filled with hydrogen gas at 1.2 MPa pressure for hydrogenation. The hydrogenation of Ti scraps was carried out in a temperature range from 300 to 800°C. The heating rate for the hydrogenation treatment was 10°C/min. The hydrogenated Ti scraps were crushed by a ball mill (Spex Sample Prep Mixer/Mill8000D, Elvatech, Ukraine) during a time period of 30 to 210 s. The milling jar and balls are made of pure Ti to prevent contamination of the TiH 2 powders. The spheroidization process was carried out with a RF thermal plasma system and the plasma torch (PL-35LS, Tekna, Canada) was operated at 3 MHz. Ar gas, vaporized from liquid Ar, was used as a plasma forming gas and carrier gas.
The experimental conditions for the plasma treatment are listed in Table 1 . Figure 1 shows a schematic diagram of the spheroidization process of polygonal TiH 2 powders to prepare spherical Ti powders using the RF thermal plasma system. The feeding rate of TiH 2 powders was 5 g/min.
The size of the powders was measured using the laser light scattering method (LS13320 MW, Beckman Coulter, USA) and the crystal structure of the powders was analyzed using an X-ray diffractometer with Cu k¡ radiation (XRD; D-Max 2200, RIGAKU, JPN). The morphologies of the powders were observed by scanning electron microscopy (SEM; JSM-5800, JEOL, JPN) and the content of contaminants was analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES; Optima 5300 DV, Perkin Elmer, USA).
Results and Discussion
Figure 2(a) shows the XRD patterns of hydrogenated Ti scraps at different temperatures with a treatment time of 1 h. As shown in this figure, the TiH x phases were increasingly formed until a temperature of 500°C. When the temperature exceeded 500°C, the peaks of Ti and TiH x were weakened and the peaks of TiH 2 were enhanced. After a temperature of 600°C, only peaks corresponding to TiH 2 phases were found. From the above results, the hydrogenation process was optimized and it was conducted at a temperature of 600°C with a hydrogen gas pressure of 1.2 MPa for 1 h. As shown in Fig. 2(b) , hydrogenated TiH 2 scraps were crushed with the ball mill during 210 s. After milling time of 120 s, the size of the TiH 2 powders was saturated at about 30 µm. The morphology of the crushed TiH 2 powders is shown in Figs. 3(a) and 3(b) . The mean size of the TiH 2 powders was about 30 µm and they have a polygonal shape. As described in the introduction, polygonal shaped powders are not suitable for application with MIMP, HIP and 3DP because they have poor flowability and packing density due to internal friction. Metal hydride can also have fetal effects on the mechanical properties during practical applications. 19) Therefore, hydrogen should be removed by a subsequent dehydrogenation process. Polygonal TiH 2 powders were heat treated in Ar plasma under atmospheric pressure of 0.0965 MPa. After RF thermal plasma treatment of TiH 2 powders, spherical Ti powders were obtained (Figs. 3(c)  and 3(d) ). The surface of the polygonal TiH 2 powders was melted during the plasma treatment and the powders became spherical, thereby reducing the surface tension of the melt. Although 10 mass% of nano-sized Ti particles caused evaporation followed by condensation of the vaporized Ti atoms, they were easily removed by a sieving method. As shown in Fig. 3(d) , we directly prepared spherical Ti powders from polygonal TiH 2 powders by using RF thermal plasma. The spheroidization process and the dehydrogenation process occurred at the same time during the plasma treatment. Even though a low vacuum state was maintained during the plasma treatment, dehydrogenation process of the TiH 2 powders was successfully accomplished. The conventional dehydrogenation process of TiH 2 powders needs more than 1 h at temperature above 500°C to form Ti powders. 18, 19) The residence time of TiH 2 powders in a low vacuum plasma state is very short, on the order of microseconds (µs), but the temperature of the reaction zone is more than 10000°C. Therefore, the thermodynamically unstable polygonal TiH 2 phase at this extremely high temperature is easily dehydrogenized and is converted to a spherical Ti phase within µs. The phase transition from TiH 2 to Ti was also confirmed by a XRD analysis on the RF thermal plasma treated powder (Fig. 4(a) ). As shown in Fig. 4(a) , only peaks corresponding to TiH 2 formed by the hydrogenation process were observed, but they all changed into Ti (Fig. 4(a) ). Byproducts and contaminants caused by plasma treatment during the experiment were also not found. This was confirmed by an ICP-AES analysis (Fig. 4(b) ). As shown in Fig. 4(b) , contaminants such as iron (Fe), chromium (Cr) and nickel (Ni) in the TiH 2 powders were diminished drastically in the Ti powders. Evaporation occurred at the powder surface during the plasma treatment and the vapors of the contaminants could be condensed at the surface of the spherical Ti powders or could be emitted outside of the reaction chamber, and thus contaminants could be reduced in this way. Figure 5 shows the powder size analysis results for the hydrogenated polygonal TiH 2 powders and plasma treated spherical Ti powders. The size of the powders also decreased drastically, from 30 to 21 µm, by plasma treatment. It appears that the powder size was reduced by evaporation at the powder surface. These vaporized Ti atoms were condensed to form Ti nanoparticles and were emitted to the outside of the chamber. The size of the Ti powders therefore drastically decreased during the RF thermal plasma treatment process.
Conclusions
A novel dehydrogenation and spheroidization process has been developed by using an in-situ RF thermal plasma treatment process. Polygonal TiH 2 powders, prepared by hydrogenation and a milling process with Ti scraps, were heat treated at temperature of above 10000°C in an Ar plasma state. Consequently, polygonal TiH 2 powders were successfully converted into spherical Ti powders by plasma treatment. It was found that the size of the powders also decreased from 30 to 21 µm by means of evaporation at the powder surface during the plasma treatment. Contaminants, such as Fe, Cr and Ni in the powders were diminished owing to surface evaporation and the emission of corresponding vapors during the plasma treatment. 
